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High Coding Density on the Largest
Paramecium tetraurelia Somatic Chromosome
simpler eukaryotes [4]. Extrapolation to the whole ge-
nome suggests that Paramecium has at least 30,000
genes.
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nome shotgun (WGS) primary sequence data to theSummary
chromosome. (The megabase shotgun library, made by
restriction digestion and tailing, does not contain telo-Paramecium, like other ciliates, remodels its entire
meres. Primary sequence data from the Parameciumgermline genome at each sexual generation to pro-
WGS project [http://www.genoscope.cns.fr/] is avail-duce a somatic genome stripped of transposons and
able in the trace archive [http://www.ncbi.nlm.nih.gov/other multicopy elements [1]. The germline chromo-
Traces/].) Many reads mapped to the left end of thesomes are fragmented by a DNA elimination process
sequence, but few reads mapped to the right end (datathat targets heterochromatin to give a reproducible
not shown). However, we found tandem repeats of theset of some 200 linear molecules 50 kb to 1 Mb in size
P126 element, a 126 nt motif related to G protein WD-[2]. These chromosomes are maintained at a ploidy of
40 repeats, at both ends of the chromosome. The P126800n in the somatic macronucleus and assure all gene
element was originally identified by Forney and Rodkeyexpression. We isolated and sequenced the largest
[7] in the immediate subtelomeric region of several ma-megabase somatic chromosome in order to explore
cronuclear chromosomes, so this is a good indicationits organization and gene content. The AT-rich (72%)
that the sequence does extend to the telomeric regionchromosome is compact, with very small introns (aver-
at both ends and represents an entire macronuclearage size 25 nt), short intergenic regions (median size
chromosome.202 nt), and a coding density of at least 74%, higher
Strikingly, the ratio of observed/expected CpG dinu-than that reported for budding yeast (70%) or any other
cleotides for the sequence is 0.40, while this ratio isfree-living eukaryote. Similarity to known proteins
close to 1.0 for the other dinucleotides. DNA methylationcould be detected for 57% of the 460 potential protein
on cytosine, which has not been reported in Parame-coding genes. Thirty-two of the proteins are shared
cium, might explain this severe CpG depression. It couldwith vertebrates but absent from yeast, consistent
occur in the germline micronucleus or at a specific de-with the morphogenetic complexity [3] of Parame-
velopmental stage, as discussed in the Supplementalcium, a long-standing model for differentiated func-
Data.tions shared with metazoans but often absent from
Table 1 compares other characteristics of the chromo-
some with those of Dictyostelium chromosome 2 [8] and*Correspondence: emeyer@wotan.ens.fr (E.M.); sperling@cgm.cnrs-
gif.fr (L.S.) of the Plasmodium [9] and yeast [10] genomes. The
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Table 1. Megabase Chromosome Characteristics and Comparison to Other Organisms
P. tetraurelia D. discoideum P. falciparum S. cerevisiae
Size (bp) 984,602 7,520,000 22,853,764 12,495,682
GC content overall 27.5 22.2 19.4 38.3
In predicted coding regions 29.2 28 23.7 NA
In predicted intergenic regions 15 14 13.6 NA
No. of genes 460 2,799 5,268 5,770
Genes with introns (%) 84 68 54 5
Number of introns 1,061 3,587 7,406 272
Number of exons 1,521 6,398 12,674 NA
Average number of exons per CDS 3.3 2.3 2.4 1
Average intron length (bp) 24.8 177 178.7 287a
Average exon length (bp) 482 711 979 NA
Average gene length (bp) 1,651 1,626 2,283 1,424
Percent coding 74.4 60.5 52.6 70.5
Gene density (kb/gene) 2.14 2.6 4.3 2.09
Number of tRNA genes 1b 73 43 275
The characteristics of the megabase DNA sequence were calculated by Artemis. The percent coding is exclusive of introns (with introns,
77.1%). Only three previously characterized genes were detected by a BLASTN homology search of the sequence against the public nucleotide
database. The only predicted tRNA gene, with a marginally significant Cove score, is uncertain. The sequence contains no rRNA genes, as
expected, since they are tandemly arranged on dedicated rDNA chromosomes. Two inverted DNA repeats, of unknown origin and significance,
are separated by 1.3 and 22 kb, respectively, for the smaller and the larger repeat; the smaller repeat is GC rich. Smaller repeat:
132845..133153 and 136154..136462, size 308 bp; larger repeat 267647..268472 and 289000..289826, size 826 bp. Data for comparison is for
D. discoideum chromosome 2 [8] and for the P. falciparum and S. cerevisiae genomes as presented in [9] and [10]. NA, not available.
a Calculated from the 256 spliceosomal introns in Yeast Intron DataBase [40].
b Cys, anticodon GCA, Cove score 56.41 (516706..516635).
72.5% AT content, although lower than that of Plasmo- their respective stop codons, on opposite strands, as
3 UTR (D. Kobric and R.E. Pearlman, personal commu-dium or of Dictyostelium, is one of the highest so far
reported for a eukaryotic genome. Gene models were nication). The few large intergenic regions have a size
distribution similar to that of the annotated megabaseannotated manually and using GlimmerM (Figure 1 and
Supplemental Table at http://paramecium.cgm.cnrs- genes, suggesting that these regions may contain addi-
tional CDSs or pseudogenes.gif.fr/megabase/), resulting in a predicted coding den-
sity of 74% (77% if introns are not excluded from the Detection of the only currently annotated pseu-
dogene, PTMB.411c, involved comparison with a seriescalculation). The only eukaryotic genome reported to
have higher coding density is that of the parasite En- of paralogs found elsewhere in the genome. Alignment
revealed that this CDS is indeed an RNA N6-adeninecephalitozoon cuniculi [11]. It is important to note that
few Paramecium genes have been studied to date and methylase pseudogene, presenting several deletions,
mutated splice site junctions, and in-frame stop codons.no complete, annotated ciliate genome is available. The
closest complete genome, that of Plasmodium, is sepa- The paucity of identified pseudogenes may reflect their
tendency to be associated with heterochromatin, as inrated by at least 1 billion years, the time at which the
alveolates, comprising ciliates and apicomplexan para- many species [14], and thus to be eliminated during
development of the macronucleus: the first pseudogenesites, branched from other eukaryotes [12]. Plasmo-
dium, moreover, has lost genes owing to its parasitic that was identified in Paramecium is near a telomere
and is severely underamplified with respect to the bulklifestyle. The gene models presented here must there-
fore be considered preliminary until other data become of the macronuclear DNA [15]. It is also possible that
the Paramecium genome rapidly loses sequences notavailable to improve gene finder training and to validate
the predicted CDS, especially those with limited se- required for function, so that pseudogenes do not re-
main recognizable for long.quence similarity to known proteins.
The introns are smaller in size and more frequent than As shown in Table 2, homologs could be detected for
260 (57%) of the predicted proteins. The evidence wasin Dictyostelium, Plasmodium, or yeast. Indeed, Para-
mecium introns are among the smallest known, ranging provided by examination of matches against the swiss-
protsptrembl protein database, NCBI’s Conserved Do-in size from 20 to 35 nt. They contain the canonical GT
. . . AG splice site junctions of spliceosomal introns. main Database, and the InterPro protein domain data-
base, as detailed in Experimental Procedures. If weMost of the genes on the megabase chromosome (84%)
are interrupted by one or more introns, and their size remove the 30 gene models that we consider uncertain
for lack of either sequence similarity with known pro-distribution is the same as for the 462 introns annotated
during a pilot project of random single-run sequencing teins, structural motifs, or paralogs elsewhere in the
Paramecium genome (white boxes in Figure 1), 40%of the Paramecium macronuclear genome [13].
Figure 2 shows the size distribution of the intergenic of the predicted proteins remain orphans, presumably
representing phylum- or species-specific proteins.regions; half are smaller than 200 nt, and the intervals
are even smaller between convergent genes. It has been Half of the predicted proteins have at least one In-
terPro protein signature. The ten most frequent InterProshown for one locus on a different chromosome that
two convergent genes use the same 26 bp between signatures are given in Table 2 along with the percentage
Figure 1. Map of the Megabase Chromosome
The map shows the position and the strand for each predicted CDS of the megabase chromosome. Each line represents 100 kb, with tick
marks every 10 kb. Asterisks associated with the CDS number indicate a predicted signal peptide. Gene ontology molecular function terms
were mapped using the GOA project gene associations for significant BLASTP matches and the interpro2go mappings for InterPro domains,
as detailed in Experimental Procedures. The term assignments are distributed as follows: binding, 11; catalytic activity, 97; chaperone activity,
3; enzyme regulator activity, 1; molecular function unknown, 92; motor activity, 1; nucleic acid binding, 18; signal transducer activity, 3;
structural molecule activity, 15; transcription regulator activity, 2; transporter activity, 16. If several terms were found for a given gene, the
most specific one was adopted (e.g., “nucleic acid binding” rather than “binding” or “catalytic activity” for an RNA helicase).
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frequent in Paramecium than in the other organisms,
while K channel pore region domains, protein kinase
domains, and metallo-phosphoesterase domains are
overrepresented, especially compared to their fre-
quency in unicellular eukaryotes. As previously dis-
cussed in the context of the random survey project [13],
Paramecium seems to devote an important part of its
coding capacity to proteins involved in signaling path-
ways, which may have evolved as part of the organism’s
repertoire of responses to environmental challenge. The
presence of four K channel genes on the chromosome
is compatible with the recent prediction that Parame-
cium contains at least 200 K channel genes—significantly
more than man [16]. The authors suggest that different
sets of K channels, which are located in ciliary mem-
branes and involved in ciliary motility, might be ex-
pressed under different environmental conditions.
Given the size of the intergenic regions on the mega-
base chromosome (Figure 2), it is likely that many genesFigure 2. Size of Intergenic Regions
have extremely small promoters, so we looked for clus-The figure shows a histogram of the size of megabase chromosome
ters of functionally related genes that might be cotrans-intergenic regions (transparent bars with black borders), superim-
posed on a histogram of the size of the CDSs (gray bars with no cribed using the Gene Ontology (GO) term assignments
borders), between 0 and 3000 nt, with 100 nt bins. There are CDSs and the InterPro signatures. We did not find any evi-
larger than 3000 nt, but there are essentially no intergenic regions dence for clusters of genes involved in the same biologi-
larger than 3000 nt. The intergenic regions were further classed cal process or pathway. However, we did identify six
according to the orientation of the flanking CDSs. The median dis-
examples of clusters of two or three paralogous genestance between tandem genes is 198.5 nt; between convergent
(Supplemental Table S2). These paralogous genes un-genes, 144 nt; and between divergent genes, 309 nt. The median
doubtedly originate from quite ancient duplications,CDS size is 1210 nt.
given the low percentage of amino acid identity between
the proteins (25%–56%). In the case of the cluster of
of proteins in other organisms that contain each of the three actin genes (PTMB.200, 201c, 202), each gene has
domains. As the genes on this chromosome represent closer homologs not only in the Paramecium genome
only1.5% of the organism’s gene complement, extrap- (which contains at least 20 actin or actin-like genes
olation to the whole genome requires caution. Nonethe- according to preliminary analysis of the primary se-
quence data [not shown]), but also in other species.less, the MORN motif appears to be strikingly more
Table 2. Characterization of Putative CDSs
Feature Number Percent
Predicted CDS 460 100
Homology to known proteins or domains 260 56.5
Uncertain proteins 30 6.5
Hypothetical proteins 170 37
Pseudogenes 1 0.2
CDS with a signal peptide 31 6.7
CDS with multiple transmembrane helices 54 12
CDS with an InterPro match 227 49
Most Frequent InterPro Domains Pt Dd Sc At Ce Dm Hs
IPR000719 Protein kinase 32 6.9 1.9 1.9 4.0 2.5 1.9 2.3
IPR001841 Zn-finger, RING 7 1.5 0.8 0.6 1.9 0.8 1.0 1.4
IPR001680 G-protein beta WD-40 repeat 7 1.5 1.1 1.6 0.9 0.7 1.2 1.3
IPR002048 Calcium-binding EF-hand 6 1.3 0.9 0.2 0.6 0.5 0.7 1.0
IPR000379 Esterase/lipase/thioesterase 6 1.3 NA 0.6 0.8 0.6 0.9 0.4
IPR003593 AAA ATPase 5 1.1 1.1 1.3 1.2 1.6 0.9 0.5
IPR003409 MORN motif 5 1.1 NA 0 0.06 0.005 0.006 0.05
IPR001806 RAS GTPase superfamily 4 0.87 0.86 0.6 0.4 0.4 0.6 0.7
IPR004842 Metallo-phosphoesterase 4 0.87 NA 0.3 0.3 0.4 0.3 0.1
IPR001622 K channel, pore region 4 0.87 NA 0 0.1 0.5 0.3 0.4
The upper part of the table describes features of the 460 annotated CDSs. The CDSs with homology to known proteins were identified by
evaluation of sequence similarity to known proteins or domains, as described in Experimental Procedures. The lower part of the table presents
the occurrence of the 10 most frequent InterPro domains of the Paramecium megabase chromosome, compared to the 30 most frequent
domains of Dictyostelium chromosome 2 as given in [8] and the frequency of domains in fully sequenced eukaryotes (InterPro database). The
number of megabase genes with each domain is given in the first column, followed by the percentage of genes from each organism with the
given domain. Pt, P. tetraurelia; Dd, D. discoideum; Sc, S. cerevisiae; At, A. thaliana; Ce, C. elegans; Dm, D. melanogaster; Hs, H. sapiens.
NA, not among the 30 most frequent Dictyostelium chromosome 2 domains.
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We compared the set of predicted proteins with pro- bryogenesis. All of the genes on the chromosome and
their annotations are available (gene table at http://teomes from complete eukaryotic genomes to screen for
interesting patterns of incidence among species. We did paramecium.cgm.cnrs-gif.fr/megabase; Generic Genome
Browser at http://paramecium.cgm.cnrs-gif.fr/cgi-bin/not find evidence for proteins uniquely shared with Plas-
modium. However, 32 proteins are shared by vertebrates gbrowse).
Examination of the megabase chromosome illustrates(represented by man) but not yeasts (represented by
S. cerevisiae and S. pombe). Among the latter, most are the rich diversity in functions and origins of Paramecium
protein-coding genes. Given the 75 Mb size of thealso shared with invertebrates (represented by C. elegans
and D. melanogaster) and/or plants (represented by macronuclear genome, we can extrapolate to a surpris-
ingly large gene complement for a unicellular organismA. thaliana) and a few with filamentous fungi (repre-
sented by N. crassa). After validation by homology (30,000 genes). Since powerful direct and reverse ge-
netic techniques are available, Paramecium could be asearches against the entire protein database, we focused
our attention on the 24 proteins presented in Table 3. system of choice for functional analyses of many genes
shared with vertebrates and/or apicomplexan parasitesTwo groups seem particularly noteworthy. First, a few
putative proteins are shared with man but not fungi or but not always present in model eukaryotes such as
yeast, worm, or fly.invertebrates, including PTMB.423c, which has a very
significant match with a hypothetical human protein, and In conclusion, our analysis of the largest DNA mole-
cule in the Paramecium macronucleus provides a firstPTMB.114, which matches an interferon-induced gua-
nylate binding protein found only in vertebrates and glimpse of a chromosome “stripped for action” by DNA
rearrangements that remove all the germline hetero-plants. A second group consists of five proteins shared
with plants but not animals. Since Plasmodium contains chromatic sequences. As complete ciliate genomes be-
come available, it should be possible to see whethera relic plastid [9], it was of interest to see whether any
of these genes might come from plastids, in support for the unusually high coding content of this molecule is a
characteristic result of the differentiation of a somaticthe theory of a single symbiogenetic origin of chloro-
plasts and subsequent lateral transfer of plastids from nucleus or whether other forces are driving the Parame-
cium genome toward prokaryote-like compactness.a red alga to the corticoflagellate ancestor of chroma-
lveolates [17], before the divergence of ciliates and api-
Experimental Procedurescomplexa. Four of the proteins in this group (PTMB.151c,
PTMB.356, PTMB.361c, and PTMB.376c) do have ho-
Paramecium Strain and Culture
mologs in bacteria, including cyanobacteria, and one of Paramecium tetraurelia strain d4-2 is an entirely homozygous wild-
them, PTMB.356, is a probable lysophospholipase also type laboratory stock [21]. Cells were cultured using standard meth-
ods [22].found among Plasmodium apicoplast proteins. How-
ever, in all cases, the best matches are with plants and
Chromosome Isolation and Shotgun Library Constructionapicomplexa, not with cyanobacteria, so we find no phy-
The megabase chromosome was isolated by clamped homoge-logenetic support for a plastid origin of any of these
neous electric field (CHEF) gel electrophoresis as previously de-
genes. scribed [23]. Young cells (3 divisions post autogamy) were used for
Other Paramecium proteins, implicated in axonemal a first separation at 70 s pulse frequency. In order to eliminate small
DNA molecules, the region between 600 kb and the limit mobilitystructures, are conserved in plants, animals, ciliates,
zone was cut out and subjected to electrophoresis on a second geland flagellates but absent from fungi (the radial spoke
using 113 s pulses, to allow optimal separation in the megabasehead protein PTMB.212c, absent from A. thaliana but
region. The largest chromosome was cut out of the gel and the DNApresent in algae such as Chlamydomonas). Many addi-
was purified using agarase (Sigma).
tional proteins are absent from the reference yeasts, Library construction, optimized for small amounts of DNA, in-
including some proteins that have been studied in cili- volved partial restriction digestion with a very frequent cutter,
Tsp509I. Size-selected partial digestion products (1–3 kb) wereates. Copines (PTMB.394c) are Ca2-dependent phos-
cloned by a tailing procedure in pCRScript (Stratagene).pholipid binding proteins first discovered in Parame-
cium [18]; Myb-related transcription factors (PTMB.149)
Sequence Determinationhave been described in spirotrich ciliates [19]; and UNC-
Clones from the shotgun library were amplified and the PCR prod-
119 orthologs (PTMB.296), found up until now only in ucts were sequenced using dye-terminator chemistry (DYEnamic
animals, have been characterized in Paramecium ET Terminator Cycle Sequencing Kit Amersham US81050) with Meg-
(D. Gogendeau and F. Koll, personal communication). SeqR or MegSeqU primers. Bases were called using Phred [24] and
assembled using GAP4 [25]. Approximately 6200 plasmids from theAnother protein shared with animals is an inositol-1,4,5
shotgun DNA library were sequenced.triphosphate receptor (PTMB.445c), a ligand-gated cal-
Final shotgun assembly (4.5  coverage) did not cover the wholecium ion channel that modulates Ca2 release from intra-
chromosome, and 40 gaps were found. Gaps were filled either by
cellular stores. Although the Paramecium protein shares primer walking or by multiplex PCR [26]. The entire sequence of the
only 25% amino acid identity with its vertebrate homo- 980 kb region was determined with a statistical error rate 1/700,000.
logs, the protein contains the ryanodin/IP3 homology The entire chromosome was covered by 60 overlapping PCR
products (15–25 kb). Restriction digestion patterns with several dif-domain, a Ca2/Na pore domain, and the characteristic
ferent enzymes were fully compatible with the sequence.six transmembrane helices located at the C terminus of
the molecule. It will be interesting to see whether this
Annotationprotein is involved in morphogenesis in Paramecium,
Artemis [27] was used for annotation, and the entire analysis relied
since it has been shown that cortical pattern is respeci- on custom Perl scripts written using the Bioperl library [28]. At the
fied by lithium ions [20] in a manner reminiscent of the outset of the project, too few Paramecium genes were available for
training of an ab initio gene finder. We therefore manually annotatedteratogenic effects of lithium during amphibian em-
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Table 3. Species Distribution of Conserved Proteins
Putative Length Identity
Protein (aa) Group Best Match Accession Number Definition E Value (%) Overlap
Proteins Shared with Vertebrates (and Plants), Absent from Yeasts, Fly, and Worm
PTMB.114 835 VP H. sapiens GBP1_HUMAN interferon-induced guanylate-binding 3e-52 28 0.70
protein 1
PTMB.212c 452 V H. sapiens Q9NQ10 DJ412I7.1 (similar to radial spokehead 2e-30 25 1.00
protein)
PTMB.423c 970 V H. sapiens Q8TBY9 hypothetical protein 3e-98 28 0.96
Proteins Shared with Plants but Not with Animals
PTMB.151c 341 P A. thaliana Q9C6B3 hypothetical protein 5e-39 35 0.69
PTMB.164c 494 PNF A. thaliana Q9ZSA3 T4B21.12 (putative calcium-depen- 2e-27 26 0.71
dent protein kinase)
PTMB.356 415 PF A. thaliana O23287 hypothetical protein 6e-23 25 0.72
PTMB.361c 420 PF P. falciparum PF10_0306 hypothetical protein 6e-23 34 0.45
PTMB.376c 391 PNY A. thaliana Q9LDU9 T10F20.3 protein (F2H15.21 protein) 9e-63 37 0.95
Proteins Shared Uniquely with Animals
PTMB.56 1196 VI H. sapiens Q8NE11 hypothetical protein 0.0 37 1.00
PTMB.153 315 VI H. sapiens Q8NHP5 similar to CG17349 gene product 1e-54 50 0.62
PTMB.199 1360 VI H. sapiens O60332 hypothetical protein KIAA0590 1e-167 27 1.00
PTMB.227 339 VI C. elegans YLS2_CAEEL hypothetical protein F09G8.2 in 2e-29 28 1.00
chr. III precursor
PTMB.378 559 I D. melanogaster Q9VZ56 CG1637 protein 3e-36 27 0.79
PTMB.296 174 VI H. sapiens U119_HUMAN Unc-119 protein homolog (retinal 3e-26 33 1.00
protein 4)
PTMB.414 708 VIF H. sapiens Q8NEM8 similar to ATP/GTP-binding protein 3e-57 35 0.57
PTMB.445c 2910 VI H. sapiens IP3S_HUMAN inositol 1,4,5-triphosphate receptor 5e-34 25 0.40
type 2
Other Proteins Shared with Plants and Animals but Absent from Yeasts
PTMB.142c 390 VIPN H. sapiens HPPD_HUMAN 4-hydroxyphenylpyruvate dioxygen- 1e-125 56 0.96
ase (EC 1.13.11.27) (4HPPD) (HPD)
(HPPDase)
PTMB.149 490 VIPN H. sapiens MYBB_HUMAN Myb-related protein B (B-Myb) 6e-32 45 0.28
PTMB.175c 247 VIP H. sapiens ATTY_HUMAN tyrosine aminotransferase (EC 2.6.1.5) 8e-28 32 0.93
PTMB.180c 549 VIPF A. thaliana Q9SLI8 F20D21.27 protein 1e-108 40 0.92
PTMB.256c 263 VIPN H. sapiens NUHM_HUMAN NADH-ubiquinone oxidoreductase 24 2e-53 50 0.76
kDa subunit, mitochondrial precur-
sor (EC 1.6.5.3) (EC 1.6.99.3)
PTMB.357c 412 VIPF H. sapiens Q9Y377 CGI-67 protein 2e-35 35 0.56
PTMB.360c 218 VIP H. sapiens GILT_HUMAN gamma interferon inducible lyso- 1e-19 29 0.92
somal thiol reductase precursor
PTMB.394c 534 VIP H. sapiens CNE5_HUMAN copine V 2e-81 35 1.00
Putative proteins of the chromosome shared with vertebrates (V, represented by H. sapiens), plants (P, represented by A. thaliana), and/or
invertebrates (I, represented by D. melagnogaster and C. elegans) but (with the exception of PTMB.376c) absent from yeasts (Y, represented
by S. cerevisiae and S. pombe). N indicates that the protein is shared with N. crassa, and F indicates that the protein is also shared by P.
falciparum. The columns, from left to right, give the name of the Paramecium CDS whose product is under consideration, the length of the
putative protein, the distribution among the different groups of organisms, and the characteristics of the best match: species, accession
number, definition, E-value , amino acid identity, and overlap (the fraction of the query that is covered by the subject match). We note that
PTMB.256c is a subunit of respiratory complex I, which is present in mitochondria of many species including human, Paramecium, and some
yeasts such as S. pombe and Y. lipolytica, but absent from S. cerevisiae. The complete list of genes with vertebrate homologs but absent
from yeast is: PTMB.56 WD-40 repeat protein, PTMB.62 hypothetical protein with arrestin domain, PTMB.68 K channel, PTMB.113 K
channel, PTMB.114 Guanylate binding protein, PTMB.142c 4-hydroxyphenyl pyruvate dioxygenase, PTMB.149 Myb-related protein, PTMB.153
Conserved hypothetical protein, PTMB.171c Guanylyl cyclase, PTMB.175c Tyrosine aminotransferase, PTMB.180c Phosphatase regulatory
subunit, PTMB.189c Phosphatidyl inositol-4-phosphate-5 kinase, PTMB.199 Conserved WD-40 and TPR repeat-containing protein, PTMB.206c
Phosphatidyl inositol-4-phosphate-5 kinase, PTMB.212c Radial spoke protein, PTMB.214c Conserved hypothetical protein, PTMB.227 Dnase
II-like, PTMB.231c Prenylcysteine lyase, PTMB.252c hypothetical protein with LITAF membrane-association domain, PTMB.256c NADH-
ubiquinone oxidoreductase 24 kDa subunit, PTMB.296 UNC-119, PTMB.353 MORN repeat protein, PTMB.357c Conserved protein, alpha/beta
hydrolase, PTMB.360c Gamma-interferon inducible lysosomal thiol reductase-like protein, PTMB. 361c, MORN repeat protein, PTMB.387c
MORN repeat protein, PTMB.394c Copine, PTMB.403c K channel, PTMB.414 Zn-carboxypeptidase, PTMB.422c Guanylate nucleotide binding
protein, PTMB.423c WD-40 protein, and PTMB.445c Inositol 1,4,5-phosphate receptor.
genes using multiple lines of evidence: GC content, codon bias, database). Once enough genes had been annotated manually, Glim-
merM was trained and used to complete the structural annota-and sequence similarity with known proteins and intron predictions
(profile hmms were built using the HMMER-2.2 package [29], using tion (see below). tRNA predictions were made using tRNAscan-
SE-1.23 [30].introns from a pilot random sequencing project [13] and from Para-
mecium genes in the Invertebrate division of the public nucleotide The predicted proteins were extracted from the gene models, and
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